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Medium-chain fatty acids (octanoic and decanoic acids) are well known as fermentation inhibitors. During must
fermentation, the toxicity of these fatty acids is enhanced by ethanol and low pH, which favors their entrance in the
cell, resulting in a decrease of internal pH. We present here the characterization of the mechanisms involved in the
establishment of the resistance to these fatty acids. The analysis of the transcriptome response to the exposure to
octanoic and decanoic acids revealed that two partially overlapping mechanisms are activated; both responses share
many genes with an oxidative stress response, but some key genes were activated differentially. The transcriptome
response to octanoic acid stress can be describedmainly as a weak acid response, and it involves Pdr12p as the main
transporter. The phenotypic analysis of knocked-out strains confirmed the role of the Pdr12p transporter under the
control of WAR1 but also revealed the involvement of the Tpo1p major facilitator superfamily proteins (MFS)
transporter in octanoic acid expulsion. In contrast, the resistance to decanoic acid is composite. It also involves the
transporter Tpo1p and includes the activation of several genes of the beta-oxidation pathway and ethyl ester
synthesis. Indeed, the induction of FAA1 and EEB1, coding for a long-chain fatty acyl coenzyme A synthetase and
an alcohol acyltransferase, respectively, suggests a detoxification pathway through the production of decanoate ethyl
ester. These results are confirmed by the sensitivity of strains bearing deletions for the transcription factors encoded
by PDR1, STB5, OAF1, and PIP2 genes.
The completion of alcoholic fermentation is one of the ma-
jor objectives of most wine makers. Several factors can lead to
stuck fermentation, such as insufficient nitrogen, the low lipidic
content of the grape must, and high concentrations of medium-
chain fatty acids (MCFA) in the fermenting must (3). The
main MCFA, octanoic and decanoic acids, are produced by
yeasts during alcoholic fermentation as by-products of lipid
synthesis (40). The exposure of yeast cells to these acids in
synthetic media leads to a fast decline of cell viability that is
enhanced by low pH and the presence of ethanol (49). Medium-
chain fatty acids as well as long-chain fatty acids penetrate
inside the cell by passive diffusion in a nonionized form (21)
and dissociate at the higher internal pH, leading to a decrease
of the intracellular pH (50). The toxicity of short- to medium-
chain fatty acids also is correlated with their lipophilic prop-
erties, indicating a probable effect on the cell membrane (45).
Indeed, decanoic acid, the more toxic of the two compounds
(49), has been shown to increase membrane permeability (3).
However, the rapid exposure of yeast cells to sublethal con-
centrations of octanoic acid provokes an adaptive response,
allowing the cells to resist larger amounts of inhibitor (7).
Two mechanisms have been hypothesized to explain yeast
adaptation to MCFA, including their detoxification into ethyl
esters (30) and the activation of a membrane transporter,
which has not been identified (7). The WAR1-regulated Pdr12p
transporter, which is responsible for the resistance to weak
lipophilic organic acids such as sorbate or benzoate (24, 32), is
a natural candidate for this function. Nevertheless, results con-
cerning its ability to expulse octanoic acid are contradictory
(18, 19), while it clearly is not involved in the decanoic acid
response (19). So the question of the transporter involved in
octanoic and/or decanoic acid expulsion has not been solved.
In this study, we present an investigation of the yeast re-
sponse to the exposure to octanoic and decanoic acids. The
transcriptome analysis of these two responses combined with
the screening of deleted strains enabled us to identify the key
transporters involved in yeast resistance to MCFA, and it re-
veals that ethyl ester synthesis is a possible detoxification path-
way for these two acids. In addition, the comparison of these
transcriptional responses to the responses caused by other
lipophilic compounds enabled us to point out the role of sev-
eral transcription factors.
MATERIALS AND METHODS
Strains and culture conditions. The Saccharomyces cerevisiae strains used in
this study are listed in Table S1 in the supplemental material. They were strains
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that were indigenous to wine and were collected in Alsatian wineries or were
derivates of the By laboratory strain and eventually were deleted for one or two
genes. All strains were cultivated aerobically at 30°C in YPD medium (1%
[wt/vol] yeast extract [Difco], 2% Bacto peptone [Difco], 2% glucose [Eurome-
dex]). Unless otherwise indicated, all yeast strains were grown routinely at 28°C.
Strains harboring multiple deletions have been obtained after crossing Euro-
scarf deletant strains of the opposite sexual type, followed by sporulation and
spore dissection. The nonparental ditype (npdt) was verified by the amplification
of the wild-type allele and control of kanamycin resistance.
MCFA susceptibility assay. Tests for medium-chain fatty acid (MCFA) resis-
tance phenotypes were performed with cells grown to the exponential growth
phase (optical density at 660 nm [OD660] of 0.8) and diluted to an OD660 of 0.08.
Identical volumes of yeast suspensions were spotted onto agar plates containing
0 to 0.25 mM decanoic acid or 0 to 0.8 mM octanoic acid. Growth was evaluated
after 72 h of incubation. The resistance levels of strains indigenous to wine were
ranked on a scale of 1 to 5 according to their resistance to octanoic or decanoic
acids (Table 1).
DNA microarray profiling experiment. (i) Medium-chain fatty acid exposure
and cell harvest. For the fatty acid treatment, the U13 wine strain was precul-
tivated overnight in 10 ml agitated YPD media. Cells then were diluted in 300 ml
fresh YPD (in 1-liter Erlenmeyer flasks) to obtain an OD660 of 0.05 and grown
aerobically at 28°C until an OD660 of 1 to 1.1 was reached. Cultures were split in
three, and 10 g/liter octanoic or decanoic acid (Sigma) dissolved in ethanol was
added at a final concentration of 0.05 mM to one-third of the culture. The same
volume of ethanol was added to the control culture. After 20 min, untreated and
treated cultures were harvested by centrifugation at room temperature (2 min,
4,000  g), and cells were immediately washed in ice-cold water, centrifuged at
4°C at 10,000 rpm/min, and frozen at 80°C. For each treatment, four indepen-
dent samples were prepared and analyzed.
(ii) mRNA extraction and reverse transcription. Total RNA was extracted
using Trizol reagent (Gibco BRL, Life Technologies). For each sample, 109 cells
were pelleted by centrifugation (5,000  g for 5 min) in two microcentrifuge
tubes, resuspended in 400 l Trizol, and broken by being vortexed for 4 min with
300-l glass beads. The two extracts were pooled, and the total volume was
adjusted to 8 ml with Trizol reagent. After incubation for 5 min at room tem-
perature, 1.6 ml chloroform was added to separate the aqueous and the organic
phases with a brief agitation. After incubation for 3 min at room temperature,
the mixture was centrifuged at 10,000 g for 15 min, and the aqueous phase was
recovered. The RNA was precipitated by the addition of an equal volume of cold
(20°C) isopropyl alcohol and centrifugation at 10,000  g for 10 min. The
precipitate was further dissolved in 150 l of RNase-free water, and 100 g of
RNA was cleaned up with an RNeasy kit cartridge (Qiagen).
Fluorescent cDNAs were prepared using a ChipShot direct labeling and
cleanup system (Promega Z4100) by direct labeling using dCTPs labeled with
Cy3-Cy5 according to the manufacturer’s instructions (Amersham).
The three modalities (octanoic acid, decanoic acid, and control) were com-
pared in a triangular design in which each sample has been analyzed once,
representing four biological replicates per modality.
Hybridization and microarray analysis. Microarray slides were obtained from
Eurogentec. They were washed with the buffers provided with a Pronto! universal
hybridization kit for 25 slides (Corning 40026) according to manufacturer’s
instructions. Approximately 1,200 ng of labeled cDNA was deposited on the slide
and hybridized overnight at 42°C. After being washed, the arrays were read with
a Genepix 4000B scanner (Axon Instrument Inc.) and analyzed with Genepix Pro
3.0 (Axon Instrument Inc.). Artifactual or saturated spots were excluded from
the analysis.
Statistical analysis. Raw data were further analyzed using the LIMMA GUI
R package (51). Data first were normalized for each slide according to a print-
tip-group loess and then normalized between slides according to the quantile
procedure. A linear analysis was further performed to detect the genes differ-
entially expressed. Only genes for which a q value higher than 0.05 after Ben-
jamini and Hochberg’s (6) false-discovery rate (FDR) adjustment for multiple
tests has been applied were retained for further analysis. The full data set has
been deposited at GEO with accession number GSE18480 (http://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?tokenbzglpecmoiywudm&accGSE18480). For the
different responses, the list of transcription factors involved in the regulation of
each gene was obtained from the Yeastract database web site (http://www
.yeastract.com) (43). The percentages of genes in each response regulated by
every transcription factor obtained from Yeastract then were compared in a
factorial correspondence analysis made with Statbox (Grimmersoft, Issy Les
Moulineaux, France).
RESULTS
Screening of wine-indigenous strains reveals different re-
sponses to octanoic and decanoic acid stress. In an attempt to
evaluate the variability of the resistance of wine strains to MCFA,
we compared the sensitivities of 76 indigenous strains to these
inhibitors in a drop test (Table 1). The strains were gathered in
groups of similar sensitivities (see Table S1 in the supplemen-
tal material). Figure 1 shows that wine strains present a high
variability in their ability to resist MCFA. Resistance to deca-
noic acid generally is associated with a medium to strong re-
sistance to octanoic acid. In contrast, four of the strains show-
ing the highest resistance to octanoic acid were sensitive to
decanoic acid. These results suggest strongly that wine yeast
activate two partially overlapping mechanisms to resist these
MCFA, and that some mechanisms involved in decanoic acid
resistance may contribute to octanoic acid resistance.
Transcriptome analysis reveals that octanoic and decanoic
acids activate two partially overlapping sets of genes. To get
further insights into the genes involved in the S. cerevisiae
response to octanoic and decanoic acids, we studied the tran-
scriptome of wine yeast strain U13, chosen for its high resis-
tance to both inhibitors in the former experiment. This strain
was exposed for 20 min to 50 M each acid. For both acids
these conditions were found to be sufficient for the induction
of high resistance in a preliminary experiment.
We carried out competitive hybridizations in a triangular
design between cDNA obtained from nonexposed cells (T) and
cDNA obtained from octanoic acid (C8)- or decanoic acid
(C10)-treated cells, as well as between cDNAs from the two
acid-exposed conditions. Considering all the genes whose ex-
pression was significantly altered between the two conditions,
we found that exposure to octanoic or decanoic acid affected
81 and 620 genes, respectively, compared to control cells, with
76 being common to both responses. The comparative hybrid-
ization of C8 and C10 modalities revealed that 71 genes were
differently affected by these organic acids. The imbalance be-
tween the numbers of genes involved in each response sug-
gested that cells were exposed to different stress intensities. To
determine if the two responses were correlated, we selected
the genes induced by decanoic acid (i.e., genes with significant
C10/T log ratios) but that were not detected in the C8/C10
comparison. The C10/T log ratio of these genes was plotted
against the C8/T log ratio of the same genes (Fig. 2). The two
ratios were highly correlated (R2  0.89), indicating that the
two acids similarly affected this set of genes, and the slope of
TABLE 1. Wine strain resistance level codification used for
octanoic or decanoic acid resistance
Resistance
Maximal MCFA concn allowing growth (mM)
Octanoic acid Decanoic acid
1 0.4 0.2
2 0.6 ()a 0.25 ()
3 0.6 ()b 0.25 ()
4 0.8 () 0.3 ()
5 0.8 () 0.3 ()
a Impaired growth.
b Normal growth.
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0.6 reveals that the C8 response was weaker than the C10
response at the tested concentrations.
To minimize the biological noise, we restricted the analysis
to the genes whose expression significantly differed by a min-
imum log ratio of 0.5 for C10 acid compared to that of the
control. A ratio of 0.3 was chosen for C8 acid compared to that
of the control to obtain similar cutoffs for the two acids. As a
consequence, compared to the control, 75 genes were signifi-
cantly modulated by octanoic acid and 165 by decanoic acid,
with 53 genes being shared by the two responses (Fig. 3). The
FIG. 1. Variability of Saccharomyces cerevisiae wine strain resistance to octanoic acid (x axis) and decanoic acid (y axis) as revealed by drop test
(resistance levels are given in Table 1). The dimension of the spots is related to the number of strains in each category indicated in the spots. The
arrow indicates the group containing U13.
FIG. 2. Correlation between the two responses. Triangles, expression ratio of genes whose expression level varied significantly compared to that
of the control for one modality; spheres, expression ratio of genes whose expression level varied significantly for C8 compared to that of C10; these
points were excluded for the estimation of the correlation between the two responses.
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analysis of the functional categories through gene ontology
(MIPS) (Table 2) shows that the yeast responses to these two
organic acids share almost the same subset of genes involved in
cell energy supply. Decanoic acid response also includes sets of
genes involved in ribosome biogenesis and RNA processing. In
agreement with this, GO biological processes for decanoic acid
response include ribosome and large ribosomal subunit bio-
genesis (GO:0042254 and GO:0042273) and oxidation reduc-
tion (GO:0055114). The major facilitator superfamily proteins
(MFS) also are especially well represented in this response. In
addition, the analysis of these responses with Eu.Gene 1.2.1
(10) showed the significant activation of the fatty acid beta
oxidation pathway.
Direct comparison of octanoic and decanoic acid-treated
cells (with a log ratio of 0.3) allowed us to gain further indi-
cations on the analogies/differences between the two re-
sponses. We found that 68 genes presented significantly differ-
ent expression profiles (Fig. 3). As the activation of genes was
not similar for octanoic acid and decanoic acid, we divided the
activated genes in three sets: genes activated by both C8 and
C10 but not by the control were qualified as shared responses,
the genes activated by C8 but not the control or C10 were
called C8-specific responses, and the genes activated by C10
but not the control or C8 combined with genes differentially
expressed after exposure to C10 were called C10-specific re-
sponses (Fig. 3).
Among the 53 genes whose expression was affected by both
acids (C8 and C10 shared response) (see Table S2 in the
supplemental material), 39 were upregulated and 14 repressed.
Among them, C8 more efficiently induced PDR12 (3.5 times
increase), whereas C10 more specifically induced ALD4,
CWP1, TMA17, and HXK1.
The octanoic acid-specific response included 22 genes; 8
were upregulated (i.e., IDH2, ATP3, ALG12, TRX2, etc.),
whereas 14 were repressed (EFT1, EFT2, ZRT1, FAS1, etc.).
The exposure to C10 resulted in the specific modulation of
the expression of 114 genes (C10-specific response), among
which EEB1, coding for an ethyl ester synthase, tops the list for
its high induction (8.4 times increase). Two other genes (FAA1
and ELO1) involved in fatty acid metabolism also were in-
duced (1.7 and 2.4 times increase), suggesting a potential me-
tabolism of the fatty acid. However, two transporters involved
in cell detoxification, TPO4 and PDR12 (two times higher
expression), and, to a lesser extent, TPO1 (1.5 times increase),
also were activated.
Comparison of octanoic and decanoic acid responses to
stress responses already described. The octanoic and decanoic
acid responses were compared to those already described for
different stresses (Table 3) after a similar incubation period:
sorbic acid (a weak acid response has been described [36]),
sodium dodecyl sulfate (39), octanol (14), fluphenazine (12),
benomyl (27), 2,4-deoxyphenoxyacetic acid (44), polyoxyethyl-
ene-9-laurylether (POELE), 2,4-dichlorophenol (DCP) (37),
oleic acid oxidative stress (23) and H2O2 (15). For each pair of
stresses, we have counted the number of genes significantly
induced or repressed by both stresses. When the significance
information was not available, we selected genes induced (or
repressed) by at least a factor of 2. The highest similarities
were observed between the responses to octanoic and decanoic
acid (71% of C8 responses are shared with C10 responses), but
about half of the genes involved in both responses also are
shared with H2O2 oxidative stress. Significant portions of these
responses also are activated by detergent stresses: i.e., 45 and
35% of genes activated by octanoic and decanoic acids also are
activated by SDS. Octanoic acid response presents 29% of
genes in common with the sorbic acid response. In contrast
with these different stresses, the oleic acid oxidative stress
involved few of the genes activated by C8 or C10.
As a consequence, our results suggest that the responses to
octanoic and decanoic acid are composite responses involving
the organic weak acid response and a detergent response, with
both of them presenting many similarities with an oxidative
stress.
Search for known transcription factors involved in MCFA
response. For both acid responses as well as for the other
stresses cited in the former paragraph, we obtained from the
Yeastract web site (43) the transcription factors involved in the
regulation of each gene and scored the number of genes reg-
ulated per transcription factor. These scores were compared in
a correspondence analysis. The result plotted in Fig. 4 revealed
that the octanoic acid response presents, as expected, similar-
ities to the weak acid response involving War1 and Msn4 (Fig.
4). In contrast, the C10 response appeared much closer to the
SDS stress response. C8 and C10 responses also appeared as
potentially regulated by transcription factors HAP1, HAP4,
TABLE 2. Classification of genes involved in response to octanoic
and decanoic acid according to MIPS functional categories
MIPS category
P
C8 C10
Sugar, glucoside, polyol and carboxylate
catabolism (01.05.02.07)
2.3e-07 4.3e-06
Electron transport (02.11) 2.9e-07
Electron transport and membrane-associated
energy conservation (02.11)
3.2e-06 1.3e-06
Ribosome biogenesis (12.01) 2.5e-11
rRNA processing (11.04.01) 7.7e-10
Purine nucleotide/nucleoside/nucleobase
anabolism (01.03.01.03)
1.9e-08
Tricarboxylic-acid pathway (02.10) 2.1e-05
FIG. 3. Venn diagram presenting the genes differentially expressed
in these three conditions. C8, 20-min exposure to octanoic acid at 50
mM; C10, 20-min exposure to octanoic acid at 50 mM; C8/C10, com-
parison of exposure to C10 to exposure to C8. Repressed genes are
followed by a minus sign; induced genes are followed by a plus sign.
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and HAP5. This could be interpreted as a sign of the activation
of the fatty acid beta-oxidation pathway.
Phenotyping screening of Euroscarf deletion mutant strains
allows us to identify genes involved in resistance. (i) Trans-
porters. Looking for transporters involved in octanoic and
decanoic acid expulsion, we screened a collection of haploid
strains deleted for their PDR genes as well as for other trans-
porters, including ADP1, AQR1, ATM1, AUS1, AZR1, BPT1,
DIP5, FLR1, NFT1, PDR5, PDR10, PDR11, PDR12, PDR15,
PDR18, PXA2, SNQ2, TPO1, TPO2, TPO3, TPO4, YBT1, and
YOR1. Figure 5 shows the results obtained for the sensitivity
test of some of these strains in the presence of 0 to 0.6 mM C8
and 0 to 0.25 mM C10.
The highest sensitivity to octanoic acid was obtained for the
TABLE 3. Comparison of different transcriptional responsesa
Stressb % Genes shared between the different responses
Octanoic acid (0.05 mM) 100
Decanoic acid (0.05 mM) 71 100
Sorbic acid (8 mM) (36) 29 19 100
POELE (1 mM) (37) 43 31 43 100
DCP (3 mM) (37) 19 22 20 28 100
Octanol (1%) (14) 0 23 18 14 19 100
SDS (1%) (39) 45 39 26 21 20 21 100
Fluphenazine (1 mM) (12) 12 17 12 26 27 17 37 100
Benomyl (7 mM) (27) 12 14 12 17 25 16 23 13 100
2,4-Dichlorophenoxyacetic acid (3 mM) (44) 16 14 17 20 13 15 21 11 6 100
Oleic acid (23) 7 6 8 8 10 6 17 16 12 5 100
H2O2 (3 mM) (15) 52 47 42 27 35 23 40 38 41 30 22 100
a The percentage of genes shared between two different responses is given as the number of genes shared by the two responses divided by the number of genes of
the smaller response.
b The number of genes involved in each response was as follows: octanoic acid, 75; decanoic acid, 165; sorbic acid, 137; POELE, 548; DCP, 342; octanol, 621; SDS,
463; fluphenazine, 132; benomyl, 69; 2,4 dichlorophenoxyacetic acid, 172; oleic acid, 267; H2O2, 936.
FIG. 4. Factorial component analysis comparing the involvement of each transcription factor in the different stress responses. The proportion of each
stress response explained by one transcription factor has been calculated from the Yeastract website. Codes for the different stresses: OleicAc, oleic acid;
POELE, polyoxyethylene-9-laurylether; SorbicAc, sorbic acid; 2-4D, 2,4-dichlorophenoxyacetic acid; DCP, 2,4-dichlorophenol; C10whole, decanoic acid;
C8whole, octanoic acid. The octanoic and decanoic shared response (C8-C10 shared) is analyzed as a supplementary individual and given in italic.
Transcription factors with a cos2 lower than 0.1 are not drawn. Main transcription factors involved in the stress response are in boldface.
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pdr12 strain; however, the deletion of TPO1 also resulted in
an increased sensitivity to this inhibitor. In addition, the
pdr12-tpo1 double deletant strain was found to be more
sensitive than the two single-deletion strains, showing a cumu-
lative effect of the two transporters in the expulsion of this acid.
In contrast to octanoic acid, the tpo1 strain exhibited the
highest sensitivity to decanoic acid, while the deletion of
PDR12 did not affect this phenotype. However, tpo4 and
snq2 strains also were slightly affected, indicating a possible
ability of these transporters to expulse decanoic acid. None of
the other strains tested showed modified resistance to octanoic
or decanoid acid. Since Pdr12p and Tpo1p were the main
transporters of octanoic and/or decanoic acid, we constructed
diploid strains harboring one or two deleted copies of the
genes (Fig. 6). In a background where two alleles of a given
transporter were present, the presence of a single allele of the
other transporter was sufficient to regenerate the wild-type
phenotype. When the two tested genes were present as a single
copy, the growth of yeast strains was injured on both octanoic
and decanoic acids. Moreover, when a single copy of the TPO1
gene was present, decanoic acid resistance was correlated with
the number of copies of the PDR12 gene, indicating that
Pdr12p plays a part, though discrete, in resistance to decanoic
acid. This observation was confirmed by analyzing the growth
of the diploid on liquid medium complemented with inhibitors
(Bioscreen analysis) (results not shown).
(ii) Transcription factors. We also tested Euroscarf strains
deleted for regulatory genes, including main regulators of
stress responses (PDR1/PDR3, MSN2/MSN4, HSP30, etc.),
transcription factors already described in weak organic acid
stress or in acid stress (WAR1, HAA1, etc.), and other tran-
scription factors suggested by the transcriptome analysis.
Tested transcription factors were ADR1, AFT1, ARR1, CIN5,
CRZ1, KFH2, FLO8, GCN4, GCR2, HAA1, HAC1, HAP2 to
HAP5, HSF1, HSP30, MSN2, MSN4, NRG1, OAF1, PDR1,
PDR3, PIP2, RPN4, SEF1, SKO1, SOK2, STB5, TOS8, WAR1,
YAP1, YAP2, and YRR1. Figure 7 shows the results obtained
for the drug sensitivity test of some of these strains in the
presence of 0 to 0.6 mM C8 and 0 to 0.25 mM C10.
The octanoic acid response is clearly under the control of the
WAR1 transcription factor. The deletion of PDR3 also has a
great impact on this phenotype, while PDR1 deletion does not
modify strain resistance to octanoic acid. None of the other
transcription factors that were tested seemed to be involved in
the modulation of the octanoic acid response, including HAA1
(not shown), which was described to be involved in a weak acid
response (13).
The response to decanoic acid is clearly under the control of
PDR1, while PDR3 deletion does not result in higher sensitiv-
FIG. 5. Drop test presenting the sensitivity provoked by the deletion of different transporters on YPD (pH 4.5) medium containing 0.6 mM
octanoic acid (C8) or 0.25 mM decanoic acid (C10) compared to that of the control (T). Cells used to prepare the spots were grown on liquid YPD
(pH 4.5) medium until a standardized OD660 of 0.8 (a) and diluted to an OD660 of 0.08 (b). The growth observed for the nondiluted spot of the
wild-type By laboratory strain corresponds to a rank of three in the first figure.
FIG. 6. Drop test presenting the sensitivity of diploid strains de-
leted from one or two copies of PDR12 and TPO1 transporter genes on
YPD (pH 4.5) medium containing 0.6 mM octanoic acid (C8) or 0.25
mM decanoic acid (C10) compared to that of the control (T). Cells used
to prepare the spots were grown on liquid YPD (pH 4.5) medium until a
standardized OD660 of 0.8 (a) and diluted to an OD660 of 0.08 (b).
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ity. However, the pdr1-pdr3 double mutant is more sensitive
to decanoic acid than the pdr1 mutant, indicating a slight role
of PDR3. Moreover, the deletion of STB5 also lowers strain
resistance to decanoic acid. This transcription factor is known
to form a heterodimer with Pdr1p but not with Pdr3p and to
regulate the pentose phosphate pathway and NADPH produc-
tion in response to oxidative stress (25). Three other transcrip-
tion factors are clearly involved in response to decanoic acid,
namely, NRG1, OAF1, and PIP2.
Finally, the deletion of MSN2 (but not MSN4) or YAP1
seems to have little effect on decanoic acid resistance.
(iii) Other genes. We also tested some other genes already
described to be involved in weak acid resistance or in lipophilic
compound resistance. We observed that PDR16 deletion had
an impact on octanoic acid resistance, while the deletion of the
homologous PDR17 gene had no impact.
Finally, SOD1 deletion had a drastic effect on both octanoic
and decanoic acid sensitivity, while SOD2 deletion had no
impact on these phenotypes.
DISCUSSION
Octanoic and decanoic acids are two compounds synthesized
by yeast during alcoholic fermentation and are potent inhibi-
tors, and they have been suggested to be involved in sluggish
fermentation (4). The toxicity of these lipophilic molecules has
been attributed to internal medium acidification (8). In the
meantime, because toxicity is correlated with lipophilicity, an
effect on membrane organization also has been suggested (3).
Nevertheless, S. cerevisiae is able to adapt to these inhibitors
through the induction of transporters (7) and possibly other
mechanisms. The negative influence of these inhibitors on the
fermentation process is offset by the fact that they are sup-
posed to be the precursors of ethyl esters, which enrich wine
flavor with fruit aromas (17), even though this has never been
clearly shown (5). Our work was aimed at gaining insights into
the mechanisms involved in the adaptation of S. cerevisiae to
octanoic and decanoic acids. In a first approach we analyzed
the resistance of a set of wild strains to both acids. The vari-
ability of the responses observed revealed unambiguously that
two different and partially overlapping mechanisms were acti-
vated in response to the two inhibitors.
Transcriptome analysis reveals composite responses. To get
further information on the genes involved in the octanoic or
decanoic acid responses, we used a transcriptomic analysis.
Both responses appeared highly correlated, which we expected
from the closely related structures of the two acids, but they
also presented differences. We were able to distinguish a com-
mon response involving genes that were modulated by both
acids and more restricted octanoic- or decanoic-specific re-
sponses. The responses to octanoic or decanoic acid also were
compared to some already-described stress responses, includ-
ing response to weak acids, to several detergents (SDS,
FIG. 7. Drop test presenting the sensitivity of strains deleted for different transcription factors on YPD (pH 4.5) medium containing 0.6 mM
octanoic acid (C8) or 0.25 mM decanoic acid (C10) compared to that of the control (T). Cells used to prepare the spots were grown on liquid YPD
(pH 4.5) medium until a standardized OD660 of 0.8 (a) and diluted to an OD660 of 0.08 (b).
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POELE, etc.), to oxidative stress (H2O2), and to oleic acid as
a unique carbon source. The octanoic and decanoic responses
share more genes with each other than with any other stress
response. They both present features in common with the
oxidative stress response, but with an original component: the
response triggered by octanoic acid exposure presents similar-
ities to the weak acid response (36), whereas the decanoic acid
response additionally presents some similarities to the oleic
acid early stress response (23) and to the SDS stress response
(39). This can be related to the chemical structures of the two
inhibitors, and one can suggest that octanoic acid is perceived
as an acid, while the hydrophobic part of decanoic acid is more
prominent than its acidic part and induces a detergent-like
response.
Phenotypic analysis of deletant strains highlights the main
genes involved in resistance. Transcriptome analysis reveals a
number of genes induced or repressed as a response to an
environmental change, turning the cell metabolism to the new
conditions. However, many of these genes do not play a key
role in the resistance to the stress agents (15). Several of the
genes induced by MCFA according to transcriptome analysis
did not participate significantly in MCFA resistance in the
drop test phenotypic screening. As an example, the expression
of TPO4 and PDR12 transporters was much more increased by
exposure to decanoic acid (2.3 and 1.9 times increase, respec-
tively) than the expression of TPO1 (1.5 times increase); how-
ever, the latter was the only transporter that was really efficient
in the triggering of decanoic acid resistance. The weak induc-
tion of TPO1 is not related to a high basal expression but may
be related to the mild intensity of the challenge. The higher
activation of TPO4, which is not involved in the resistance, has
been described likewise for 2,4-dichlorophenoxyacetic acid
(44). In contrast, some of the genes involved in inhibitor re-
sistance could be undetected in the transcriptome due to a
delayed response or a posttranscriptional regulation. Drop
tests of deleted strains submitted to octanoic and decanoic
acids allowed us to identify genes involved in the resistance to
both acids (common resistance mechanism) or to one of them
(specific resistance mechanism).
Common resistance mechanism. Among the numerous
genes we tested, only TPO1, YAP1, and SOD1 seemed to be
involved in both octanoic and decanoic acid resistance.
The MFS transporter Tpo1p is the key player in decanoic
acid resistance and contributes significantly to octanoic acid
resistance. Tpo1p was described to protect cells against a broad
range of structurally unrelated molecules, including spermi-
dine, cycloheximide, nystatin, artesunate, ibuprofen, 2,4-di-
chlorophenoxyacetic acid, etc. (for a review, see reference 33).
To our knowledge, this work is the first evidence of Tpo1p
being involved in the resistance to octanoic and decanoic acids.
In our analysis of the resistance of wild strains to octanoic and
decanoic acid, we observed that a high level of decanoic acid
resistance always was associated with a high level of octanoic
acid resistance. Strains with more efficient Tpo1p transport
would exhibit such a phenotype. Interestingly, the TPO1 gene
(as well as TPO4 and SNQ2) is activated progressively during
the course of alcoholic fermentation (28), suggesting a key role
during alcoholic fermentation. In analyzing the genomic dif-
ferences between laboratory yeast strains and wine-making
commercial strains by the CGH array, Dunn and coauthors
(11) observed the amplification of TPO1 in all of the commer-
cial wine strains tested, which could be the sign of an adaptive
evolution, even if this amplification was not observed in a later
study (9). The genome of the U13 wine strain that was used for
transcriptomic analysis was compared to the S288c genome by
a CGH array and did not reveal any amplification of the TPO1
gene (unpublished data), suggesting the gain of efficiency by
another mechanism.
YAP1 is a transcription factor involved in oxidative stress
adaptation (26) and the regulation of the expression of anti-
oxidant genes such as thioredoxin, thioredoxin reductase, and
glutathione reductase (reviewed in reference 20). YAP1 dele-
tion hampers the cell resistance to octanoic and decanoic acid,
suggesting that these inhibitors cause oxidative damage to the
cell. Consistently with this hypothesis, MCFA resistance also is
impaired in the SOD1-deleted strain but not in the mitochon-
drial SOD2-deleted strain. This indicates that, at least under
conditions where respiration is glucose repressed, MCFA toxic
action is due to superoxide anion production (42).
Octanoic acid resistance-specific mechanism. The Pdr12p
ABC transporter under the control of WAR1 is the main factor
of octanoic acid resistance, which is enhanced by the activity of
Tpo1p in a cumulative manner as revealed by the drop test
(Fig. 6). Moreover, PDR16 deletion resulted in enhanced sen-
sitivity to octanoic acid. The ABC transporter Pdr12p has been
described to be the weak organic acid transporter (32) that is
able to confer resistance to the C1 to C7 organic acids but not
to the longer fatty acids (C8 to C10) (19), although the expres-
sion of PDR12 was induced by C3 to C8 acids (18). Our ex-
periments show unambiguously that Pdr12p is indeed involved
in octanoic acid resistance. The discrepancy observed between
our results and previous ones could be due to the cumulative
effects of the two transporters Pdr12p and Tpo1p or to the use
of different genetic backgrounds.
Strikingly, the activity of these two transporters is based on
two different energetic supplies. Pdr12p function is dependent
on ATP consumption, while the activity of Tpo1p is linked to
the proton gradient across the membrane. The second mech-
anism could be especially well adapted to the acidic pH of
fermenting medium.
Among the other genes we tested, only PDR16 seemed to be
involved in the octanoic acid response. This gene affects the
lipid composition of the plasma membrane, limiting the passive
uptake of the drug across the membrane (48). Curiously, the
PDR16 homologous gene PDR17 has no effect on octanoic acid
resistance, nor do other genes described to be involved in cell
response to weak organic acids, such as SPI1 (38) or HAA1
(13).
Considering the regulation of the octanoic acid response,
our results clearly highlight the essential role of WAR1, prob-
ably through the activation of Pdr12p. TPO1 and PDR16 genes
are under the control of PDR1, but our phenotypic screening
revealed a poor effect of PDR1 deletion on octanoic acid re-
sistance, while the PDR3 deletion was more effective. More-
over, none of the other transcription factors tested had an
effect on octanoic acid resistance. Octanoic acid seems to act
essentially as a short-chain organic acid and to induce a rela-
tively simple response, including expulsion through Pdr12p and
Tpo1p and perhaps membrane adaptation through Pdr16p.
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Decanoic acid resistance-specific mechanism. The yeast re-
sponse to decanoic acid is much more complex. Besides the key
effect of TPO1 deletion, a slight effect of SNQ2 and TPO4
transporter deletion can be observed. It is noteworthy that the
deletion of the PDR5 transporter, which often is associated
with TPO1 in drug resistance (41, 2), had no impact on deca-
noic acid resistance. The deletion of the genes coding for the
transcription factors PDR1, STB5, MSN2, NRG1, OAF1, and
PIP2 resulted in impaired decanoic acid resistance.
PDR1, PDR3, and STB5 are three transcription factors that
form homo- or heterodimers (1) and regulate many ABC
transporters. The PDR1/PDR3 complex has been shown to be
activated by membrane-active compounds (37) and, in this
context, to act mainly through the Pdr5 transporter. In our
case, neither PDR3 nor PDR5 deletions had any impact on
decanoic acid resistance, suggesting another regulation net-
work. The transcription factor Stb5p can form heterodimers
with Pdr1p (1) but also is able to act without Pdr1p or Pdr3p to
regulate the pentose phosphate pathway and NADPH produc-
tion as an answer to oxidative agents (25). It is noteworthy that
one of the Stb5p targets is the SNQ2 transporter, which has a
(slight) effect on decanoic acid resistance. These results rein-
force the idea of MCFA impairing the oxidative state of the
cell, which is evidenced by the activation of PRX1 (also ob-
tained during the screening of a multicopy expression library)
as well as GPX2 (a phospholipid hydroperoxide glutathione
peroxidase) that protects cells from phospholipid hydroperox-
ide during oxidative stress.
The MSN2/MSN4 complex is the mediator of the general
stress response that is induced by different environmental
changes. Moreover, Msn2p nucleus translocation and the ac-
tivation of STRE genes also can be obtained by a range of
membrane-disturbing agents (29). In our experiments, MSN2
deletion has more effect on decanoic acid resistance than
MSN4 deletion, reinforcing the hypothesis of decanoic acid
acting through membrane perturbation as well as internal me-
dium acidification.
Finally, OAF1 or PIP2 deletion also resulted in impaired
decanoic acid resistance. These transcription factors act as
dimers to positively regulate genes encoding peroxisomal pro-
teins in response to oleate induction in glucose-free medium.
The induction of genes involved in fatty acid metabolism, such
as EEB1, FAA1, and ELO1 (8.3, 1.7, and 2.4 times increase,
respectively), is in agreement with the beta oxidation of fatty
acids taking place in the peroxisome. One of the targets of
these transcription factors is the gene EEB1 (22), which is the
most induced by decanoic acid in our study. The high activa-
tion of EEB1 after exposure to decanoic acid as well as the
slight (35%) but significant induction of YMR210w, coding for
a putative acyltransferase with similarity to EEB1, suggests that
ethyl ester synthesis plays a complementary role in the detox-
ification of culture media. Indeed, the deletion of EEB1 only or
EEB1 and YMR210w in a laboratory strain causes 45 and 80%
decrease in the production of ethyl ester during alcoholic fer-
mentation, respectively (34). However, the same team (35) also
found that the addition of octanoic acid during alcoholic fer-
mentation resulted in an increase of EEB1 expression but not
the addition of decanoic acid. The low sensitivity of defective
EEB1 strains after MCFA exposure suggests that this meta-
bolic route participates moderately in global resistance. How-
ever, we observed that during alcoholic fermentation strains
possessing an inactivated copy of EEB1 presented a higher lag
phase when exposed to decanoic acid (unpublished data), sug-
gesting a more-significant role during alcoholic fermentation.
Activation mechanism of fatty acid resistance. Fatty acids
from C12 were shown to be able to trigger the transcriptional
signal (47) through the direct activation of Oaf1p in a ligand-
dependent manner (31). In a similar manner, various hydro-
phobic inhibitors are able to bind to a discrete xenobiotic-
binding domain of Pdr1p and Pdr3p (46). In analogy with these
recent results, we can hypothesize that these MCFA activate
Pdr1p and Oaf1p. This activation of Oaf1p/Pip2p and Pdr1p/
Stb5p is mediated by the complex Gal11p/MED15, and we also
observed that the deletion of GAL11 results in a hypersensi-
tivity of the gal11 mutant strain.
The mechanism activating the weak acid response is not
understood. Gregori et al. (16) hypothesized the direct ac-
tivation of War1p by the acid, but this has not been observed
until now.
In conclusion, we have shown that the resistance to octanoic
and decanoic acids, two potent fermentation inhibitors, results
from the activation of three different mechanisms. As for many
drugs, the expulsion of these two acids by the two transporters
Tpo1p and Pdr12p represents the main part of the resistance.
The adaptation to these acids also involves an oxidative stress
response similar to what has been observed for other acids
(i.e., sorbic acid) or detergents (SDS), but the activation of
beta-oxidation can explain a part of this oxidative stress. How-
ever, contrary to former observations, we also could observe,
unexpectedly for decanoic acid (and not octanoic acid), the
activation of the genes involved in ethyl ester synthesis, which
are key odorant compounds of wine aroma.
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